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Improving Student Spatial Skills: Using Life Experiences and Motivational Factors to Inform Instructional Interventions
Spatial thinking refers to the ability to create and hold an object in the mind's eye and manipulate that object via sectional cuts, three dimensional rotations, and other mental operations. Prior research suggests that the degree to which students differ in their development of spatial skills affects their performance on instructional tasks that require spatial visualization. This study builds on prior efforts to identify how individuals' beliefs and experiences influence spatial skills. A revised instrument was developed and allows for the analysis of the interaction between early life experiences, motivation, and spatial skills. Based on a factor analysis, these life experiences are grouped into factors that are then analyzed for correlation with spatial skills. Results indicate a positive correlation between early life experiences in designing and building things and high spatial skills. Results also indicate those that believe knowledge is fixed tend to have lower spatial skills. This effect is mediated by individuals' self-efficacy beliefs.
Background
The process of holding the image of an object in our mind's eye and manipulating it is an important skill that enables problem solving in a variety of domains. Referred to as spatial reasoning, visuo-spatial thinking, spatial cognition, and spatial intelligence among other terms, this skill is an accumulation of other sub-skills. At a minimum there are the distinct abilities of spatial relations and spatial visualization. Spatial relation refers to the ability to imagine the rotation of objects as intact bodies and also how one's own body is oriented relative to an object. Spatial visualization refers to the ability to imagine how objects are modified by folding or unfolding. 1 While there are distinct skills under the broader category of spatial cognition, an individual that is a high achiever in one is often a high achiever in the other. The key importance of the distinction is in how it informs instruction regarding spatial cognition. An individual's "spatial ability not only plays a unique role in assimilating and utilizing preexisting knowledge, but also plays a unique role in developing new knowledge." 2 A key factor in spatial reasoning is the mental manipulation of objects or, more strictly, the manipulation of the mental image of an object that has been viewed or imagined. During this mental manipulation people adjust the iconic image in their mind as the external object changes. The neural control of the image is the primary factor separating high and low spatially skilled individuals. That is to say, the ability to clearly form a mental representation of a three-dimensional external object and to perform actions on the image is the crux of what defines a person's spatial ability. 3 Among the factors impacting an individual's spatial skills are the ability to think abstractly and the ability to construct an iconic representation of an object. The level of ability varies based on the degree to which the individual can describe the object and manipulate it in space. 4 As important as spatial skills are, many students reach the college level without highly developed spatial skills. Even among those entering STEM disciplines, many college students lack the ability necessary to understand and accurately interpret diagrams, models, and architectural and engineering drawings. 5 There is thus a higher likelihood for these students to switch to a major that requires less spatial reasoning or to even drop out of school altogether. These students' poorer performance is not due to a lower intelligence than their peers but rather to a lack of opportunity to develop the skills necessary to imagine and manipulate images. 3 The multifaceted impact of an individual's spatial reasoning on other cognitive skills, mastery of educational topics, and vocational pursuits, it is therefore critical that a system of teaching and enhancing these skills be developed.
Gender and Other Individual Differences on Spatial Ability
It is a common theme in the literature that males are better than females at spatial visualization tasks. 6 However, there is growing evidence that this is not as clear as once thought and may not be a reliable distinction. 7, 8, 9 There is empirical evidence that environmental factors, such as childhood leisure activities, affect spatial skills and academic performance. 10, 11 There is also evidence that the pervasive stereotype that men perform better spatially than women has a detrimental impact on female students' performance on tests of spatial ability. Individuals, such as female engineering students, at risk of confirming a negative performance stereotype about their group are susceptible to stereotype threat; a psychological burden that results in underperformance on stereotyped tasks. 12, 13, 14 These gender differences can be greatly reduced by changing the testing environment, changing testing instructions, and providing general affirmation of their skills to women contesting men. 15, 16, 17, 18, 19, 20 Assessing Spatial Skills Several methods of assessing spatial skills exist, but the most common ones are the Differential Aptitude Test: Spatial Relations (DAT:SR), the Mental Cutting Test, the Vandenberg Mental Rotation Test, and the previously mentioned Purdue Spatial Visualization TestVisualization of Rotations (PSVT:R). The PSVT:R is the most widely used test, but before the target audience and specific construct that is intended to be measured must be considered when selecting a test. 6, 19, 21, 22, 23, 24, 25, 26 While each test measures a slightly different aspect of the broad topic of spatial skills, many of them correlate highly with one another. Since this study calls for a measure of general spatial skills, the authors chose a revised version of the PSVT:R test to assess participants' spatial skills.
Authors' Previous Work
Previous work by the authors indicates that individuals' spatial ability differ by gender, age, and ethnicity. 27 However, differences were not found on variables such as a student's classification (or year in school), early life experiences, and college major. Motivational factors, particularly domain-specific self-efficacy, are positively correlated with individuals' spatial skills scores. This study focuses more closely on the role of these motivational factors and also the impact of life experiences. The instrument that was used in the previous study was modified based on an analysis of the results.
Purpose of the Study
There is an abundance of literature regarding the importance of spatial skills and strategies for improving them. 28, 29, 30, 31, 32 This study approaches the topic from a slightly different angle. In order to design and develop an instructional intervention, the authors first focused on the early life experiences and motivational factors that may play a role in individuals' spatial skills. Items such as hobbies and other interests and activities were analyzed regarding their correlation with spatial skill. In addition to providing insight into the development of an instructional intervention, the analysis of early life experiences was included in this study as a means to investigate less commonly considered variables that may impact individuals' spatial skills. Demographic variables, particularly gender, are commonly analyzed but the authors wished to investigate the possibility of moderating or intervening variables.
In addition to early life experiences, motivational factors such as perceived instrumentality, self-efficacy beliefs, and epistemic beliefs were analyzed. Perceived instrumentality "represents an individual's belief that performing a specific behavior will lead to a desired outcome." 33 An individual's self-efficacy beliefs are rooted in how confident someone is in their competence with regard to a specific task. 34 An individual's epistemic beliefs refers to what that person believes about the nature of knowledge and skill. 35 For this study in particular, the authors are interested in whether individuals believe that everyone has a fixed amount of a certain trait or ability or whether it is possible to acquire more knowledge and skill through study, practice, and training. All of these components of motivation are well understood but there is little existing research that applies such concepts to the domain of spatial skills.
Hypotheses
This study is guided by three primary hypotheses. The first is that individuals who believe that spatial abilities are fixed will not perform as well as those who believe that spatial ability can grow and improve with practice. This gets at the epistemic beliefs of the participants and how it relates to their performance on the spatial skills test.
The second hypothesis is that these epistemic beliefs will be related to spatial ability via self-efficacy beliefs, such that a growth mindset will positively influence self-efficacy beliefs, which will in turn, influence spatial ability.
The final hypothesis is that there are patterns of early life experiences that people with high spatial ability have in common. This is solely focused on analyzing the participants' background and analyzing whether there are any types of activities or experiences that correlate more greatly with high spatial skills than other activities do.
Methodology

Data Collection
The study sample comes from student participants from two universities, one a large Midwest institution with a diverse student population and the second a large Eastern institution that is well known for its Engineering program. Data were collected in the summer and fall of 2015 with undergraduate students in Engineering and other STEM majors.
The instrument that the students completed was done online and during class time. Identical for all participants, the instrument contained three main sections after the initial demographic section. The first section assessed participants' motivation with a five point Likert scale. There were 15 items in total, five each to measure perceived instrumentality, self-efficacy beliefs, and epistemic beliefs. A sampling of items to measure the aspects of motivation are in Table 1 . The next section also used a five point Likert scale contained 32 items regarding participants' early life experiences, hobbies, and activities. The instrument for this section was piloted in a previous study [27] and revised for this study. The instrument was modified to include a better variety of options for the participants to indicate that they had participated in. The pilot version only focused on activities already thought to be a part of building up spatial skills. The researchers' concern was that it would lead participants to indicate a higher level of participation in things they had not actually experienced if they were not given options that they had not actually experienced. A sampling of items to measure the aspects of motivation are in Table 2 . The last section was the Revised Purdue Spatial Visualization Tests: Visualization of Rotations (PSVT:R). 36 The 30 item test served as the measure of each participants' spatial skill level. This cognitive portion of the test was used to compare to the previous affective portions.
Sample
Of the 189 participants that finished the survey, several were incomplete. Most of the incomplete responses had large portions of missing data so all of the incomplete responses were entirely removed from the analysis. This yielded a total of 170 complete responses for analysis.
Participants were mostly male, Caucasian freshmen that were studying General Engineering. However, there were participants across a variety of ethnicities and from all student classifications, including graduate students. Other majors represented in the sample were Mechanical Engineering, Construction Science, Petroleum Engineering, and various other Engineering programs. Data on handedness was also gathered and 12.9% (n=22) of the participants were left-handed which is reflective of the population as a whole. A summary of the demographics of the participants is found in Table 3 . 
Data Analysis
The motivational and early life experience data were first analyzed using exploratory factor analysis (EFA) using SPSS. For the motivation section, the three elements loaded onto three individual factors as expected. Each participant was then given a score for each of the individual motivational items that was then used in further analysis. An EFA was also carried out for the life experiences section. A follow-up confirmatory factor analysis was then done to confirm the number of factors and their loadings.
The spatial skills portion was analyzed using both analysis of variance (ANOVA) and independent samples t-test using the PSVT:R score as the data points. These were done to test whether there were differences on the various variables with respect to the participants' PSVT:R score. Polytomous variables were analyzed with ANOVA and dichotomous variables were analyzed with independent t-tests.
Pearson correlations were used to analyze the motivational items, the early life experiences items and the spatial skills scores together. The scores on the variables as generated by the factor analyses were correlated with the PSVT:R scores. This was done to assess whether there is a correlation between the level of spatial skills of participants and the magnitude of the motivational and early life experiences items.
Findings
Demographics
The demographic data were analyzed to assess whether there were differences in spatial skills across gender, ethnicity, major, and student classification. An Analysis of Variance test indicated that the effect of ethnicity on PSVT:R scores was significant, F(4,165) = 3.25, p = .008. Post hoc analyses indicated that the only difference in score found when comparing two ethnicity groups was between Caucasians (M=22.51, SD=4.95) and African Americans (M=17.23, SD=6.14), p = 0.01. This could, however, be due to the fact that there was a large disparity in the number represented from each group (n=112 and n=13, respectively) so a larger and more diverse sample would be required to assess whether this is a significant finding. The non-Caucasian groups were combined to provide a more robust comparison of ethnicity since the non-Caucasian groups were not represented as highly. There was a difference in scores between the Caucasian group (M =22.51, SD=4.95) and the non-Caucasian group (M=19.88, SD=6.43), t(168) = -2.96, p = .004. The purpose of combining the non-Caucasian participants into one group is not to draw conclusions about these groups specifically (the authors recognize that these ethnic groups are distinct and unique). Rather, this was done in an effort to get more statistically meaningful results by organizing the data such that variable groups have a larger n.
The next demographic item analyzed was college major. The ANOVA indicated that the effect of college major on PSVT:R scores was significant, F(4,165) = 5.86, p < .001. Post hoc analyses indicated that those in General Engineering (M=23.41, SD=4.69) were found to have the highest PSVT:R scores. They were statistically higher than students in both Mechanical Engineering (M=19.00, SD=5.86), p = .002, and Construction Science (M=19.06, SD=5.89), p = .02. This could also be a result of the disparity in the number of participants from each category.
The gender differences were then compared with an independent samples t-test. The data indicated no statistically significant difference between the male and female participants which is counter to the belief that men have better spatial reasoning skills than women. The null hypothesis of equal means could not be rejected, t(168) = .62, p = .54. Table 4 below shows the results of the male and female participants. 
Motivational Factors
Pearson correlations reveal the association between perceived instrumentality, selfefficacy, and epistemic beliefs and spatial ability (PSVT:R score).. The results indicated a strong, positive correlation between self-efficacy beliefs and spatial skills. No significant correlation was indicated between spatial skills and perceived instrumentality or epistemic beliefs (See Table 5 ). 
Early Life Experiences
A series of Exploratory Factor Analyses using principal components analysis and varimax rotation were performed on the life experiences items to determine clusters of early life experiences that might predict spatial abilities. Twenty-two items loaded onto four distinct factors and all factor loadings were greater than .40. The first factor, Designed and Built Things included items such as playing with LEGO blocks, drafting by hand and computer, and building things outside. The second factor, Did Creative Activities included items such as taking art lessons and doing art projects, playing musical instruments, doing freehand sketches, and crafting. The third factor, Played Video Games included playing both computer and gaming console games that involved both three-dimensional and two-dimensional environments. The fourth factor, Played Sports and Outdoor Activities included items such as playing organized sports and other outdoor activities.
Mean scores on each of these factors were calculated and correlated with spatial ability. Designed and Built Things emerged as the only factor that was significantly associated with . The correlation was moderate at r(168) = .24., p= .001 (see Table 6 ). 
Self-Efficacy and Epistemic Beliefs
We predicted that epistemic beliefs that spatial abilities can be improved with training and practice would influence spatial ability, yet found not significant bivariate correlation. Given this perplexing finding, we ran a test of mediation to test the indirect effect of epistemic beliefs on spatial abilities through self-efficacy using the Hayes PROCESS macro in SPSS. 37 Our results indicate that self-efficacy beliefs serve as an intervening variable between epistemic beliefs and spatial skills, such that epistemic beliefs have a positive impact on self-efficacy beliefs which in turn have a positive impact on spatial skill scores.
Discussion
There are two main points of interest in the findings of this study. The first is regarding the results of the lived experiences analysis. The results showed a strong correlation between a high degree of designing and building things and a high level of spatial skills. This finding can be used to design and develop instructional interventions. Knowing that activities that involve designing and building, primarily with one's hands, correlates highly with spatial skills can guide instruction. While it cannot be proven that these kinds of activities are causal (it could be that those with high spatial skills choose to engage in these sorts of activities), the strong correlation is a good indicator that interventions guided by actually engaging in the design process and following it through to bringing the design to fruition is a powerful method of developing strong spatial skills.
The second point of interest is the idea of the impact of epistemic beliefs on spatial skills. The fact that it is mediated by self-efficacy beliefs is additionally interesting. This finding indicates that a potentially successful intervention strategy may involve instruction related to the nature of knowledge. If those that believe they are not able to learn things beyond a certain point -that knowledge is fixed -are convinced that this is not the case and that they can expand their knowledge this could improve their scores. Since this belief about knowledge is impacting their confidence in their abilities, the new understanding of the nature of knowledge could serve to improve their confidence and in turn improve performance.
Limitations
The primary limitation of this study is the lack of diversity among the participants. We were able to get good analyses of how motivational and early life experiences impact spatial skills but were not able to investigate how this effect might vary across different demographics. We were also not able to make good comparisons of different demographic groups. Future studies will incorporate data from a more diverse set of participants.
Future Research
The authors' future research plan is to use the results of this study to implement and test the instructional interventions. The first intervention will focus on the instruction regarding the nature of knowledge and how this impacts self-efficacy beliefs and further impacts spatial skills. The testing will be done with students from varied backgrounds to assess how individuals studying in a variety of domains are impacted by their beliefs about knowledge and their own abilities. Subsequently, the researchers will develop interventions that are applicable in existing curricula. Such interventions will be informed by the knowledge that designing and building are correlated with a high level of spatial skills.
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